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Abstract. The prion protein (PrP¢) is essential for sus-
ceptibility to transmissible spongiform encephalopathies.
A specific conformer of this protein (PrP%) is, according
to the ‘protein only’ hypothesis, the principal or only
component of the infectious agent, designated prion.
Transmission of prions between species is often ineffi-
cient, resulting in low attack rates and/or prolonged incu-
bation times and is ascribed to a ‘species barrier’ caused
by differences in the amino acid sequence of PrP between
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Transmissible spongiform encephalopathies (TSEs), or
prion diseases, are degenerative disorders of the central
nervous system leading to motor dysfunction, dementia
and death. Prion diseases include scrapie of sheep, bovine
spongiform encephalopathy (BSE) in cattle and human
diseases such as Creutzfeldt-Jakob disease (CJD), Gerst-
mann-Striussler-Scheinker syndrome (GSS) and fatal fa-
milial insomnia (FFI). More recently, variant CJD
(vCJD), ascribed to consumption of BSE-contaminated
products [1], has claimed over 100 victims. Neither hu-
moral nor cellular immunological responses have been
detected in prion diseases.
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recipient and donor. In this report, we demonstrate that
these differences in amino acid sequence result in pre-
sentation of distinct peptides on major histocompatibility
complex class II molecules. These peptides result in acti-
vation of specific CD4" T cells which leads to the induc-
tion of an effective immune response against foreign PrP
as demonstrated by antibody production. Therefore,
CD4" T cells represent a crucial component of the im-
mune system to distinguish between foreign and self PrP.

Transmissibility of scrapie was first demonstrated at the
end of the 1930s [2]. The unusual resistance of the agent
to UV irradiation suggested that it might be devoid of nu-
cleic acid [3]. The ‘protein only’ hypothesis [4] in its up-
dated version [5] proposes that the prion is a conforma-
tional isoform of the normal host protein PrP¢ [6, 7] that
is expressed in many tissues [8], albeit predominantly on
the outer surface of neurons, attached by a glycosylphos-
phatidyl inositol (GPI) anchor. The abnormal conformer,
when introduced into the organism, is thought to cause
the conversion of PrP¢ into a likeness of itself.

In prion disease, a largely protease-resistant, aggregated
form of PrP, designated PrPSc, accumulates, mainly in
brain. It is believed to be the principal or only constituent
of the prion [5]. No differences in the primary structure of
PrP€ and PrP5¢ have been detected, suggesting that they dif-
fer in their conformation [9]. While the tertiary structure of
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PrP¢ has been elucidated [10], that of PrPS has not; how-
ever, the  sheet content of PrPS® was found to be high
while that of PrP€ is low [11, 12]. The conclusion that some
form of PrP is the essential, perhaps only constituent of the
infectious agent is based on compelling biochemical and
genetic evidence [13, 14]. The finding that PrP knockout
(Prnp””) mice were completely protected against scrapie
disease and failed to propagate prions [15, 16] and that in-
troduction of murine Prup transgenes into these mice re-
stored susceptibility to prions [17] is one of the main sup-
ports for the ‘protein only” hypothesis.

Infection with prions from a different species results in
prolonged incubation times, attributed to a ‘species bar-
rier’ due to species-specific differences in the PrP amino
acid sequence that hinder PrP¢ to PrPS conversion
[18—20]. Transmission between certain species seemed
to be impossible, as judged by clinical criteria. However,
recent results suggest that at least in some such cases,
prion replication and PrPS¢ accumulation do take place,
albeit very late after inoculation and without clinical
symptoms [21-23], thus representing a form of subclin-
ical disease [24].

Characteristically, prion infections do not give rise to an
obvious humoral or cellular immune response [15, 25,
26]. Following the discovery of PrP as an essential pre-
requisite for susceptibility to prion disease [27] and the
observation that PrP is a cellular protein [7, 28], it has
been widely accepted that no immune response is possi-
ble because of tolerance induced by the self protein. In-
deed, immunization of PrP knockout mice with murine
PrP€ gives rise to high titers of PrP antibodies. Paradoxi-
cally, the immune system seems to be involved in trans-
port [29—-31] and propagation [32] of infectivity.
Because foreign PrP can induce antibody responses in
wild-type mice [33], we wondered whether the ‘species
barrier’ might at least in part be due to an immune re-
sponse elicited by the foreign PrP. We therefore investi-
gated the CD4" T cell response against foreign PrP mole-
cules because CD4* T cells are essential key players in
mediating any efficient humoral and cellular immune re-
sponse. In this report, we show for the first time that the
immune system differentiates between host and foreign
PrP¢ with the assistance of CD4" T cells. This observation
suggests that not only humoral but also cellular immunity
against foreign PrP molecules may occur.

Materials and methods

Mice and T cell lines

C57BL/6, BALB/c (Charles River, Sulzfeld, Germany),
Prup? [34] and tg94 [35] mice (kindly provided by
C. Weissmann, London, UK, and A. Aguzzi, Ziirich,
Switzerland) were kept under standard conditions. T cell
lines 1VRQ and M222 were generated by immunization
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of Prup”’ mice with recombinant shPrP and DNA immu-
nization with pAD-MD-CMV-PrP, respectively. All lines
were cultured in dMEM (Sigma, Munich, Germany) con-
taining 10% fetal calf serum (FCS) (PAN, Aidenbach,
Germany), 50 units penicillin/streptomycin, 2 mM gluta-
mine (c.c.pro, Neustadt, Germany), 50 pM 2-mercap-
toethanol and restimulated weekly with irradiated
C57BL/6 spleen cells.

Proteins, peptides and DNA

Recombinant shPrP (natural variant V136Q171) and
mPrP (PrupA) were expressed in Escherichia coli and pu-
rified as described for shPrP [36] and mPrP [37], respec-
tively. Protein purity reached up to 100 % as judged by sil-
ver staining and immunoblotting with antibody 6H4 (Pri-
onics, Ziirich, Switzerland). Yeast enolase was obtained
from Sigma. Peptides were synthesized on a multiple-
peptide synthesizer using Fmoc-amino acid and N-hy-
droxybenzotriazole/diisopropylcarbodiimide on poly-
styrene-1% divinyl benzene resin with trityl chloride
linker. The purity was determined by HPLC equipped
with mass and UV (214 nm) detectors. The plasmid
pRSETA-mini-mPrP for expression of recombinant
mPrP was a kind gift of K. Wiithrich, Ziirich, Switzer-
land. Plasmid pAD-MD-CMV-PrP encoding the cDNA
of mPrP (PrnpA) used for immunization was a kind gift
of C. Weissmann, London, UK. All DNA sequences were
confirmed by sequencing.

Immunizations

Mice 6—8 weeks old were immunized with 60 pg recom-
binant shPrP or mPrP in CFA (DIFCO, Detroit, Mich.)
(1:1) in a total volume of 150 pl. Fifty microliters of each
was injected subcutaneously (s.c.) in footpads and tail.
DNA immunization was performed as described else-
where [38]. In brief, 100 pl phosphate-buffered saline
(PBS) containing 6.25 ng/pl cardiotoxin (Latoxan,
Rosans, France) was injected intramuscularly (i.m.). Five
days later, mice were immunized the same way with
100 pg plasmid DNA in PBS. All mice were sacrificed 10
days after immunization.

Thymidine incorporation assay

Draining lymph nodes from immunized mice were taken
and 5 x 10° cells were incubated in a 96-well plate with
either protein (if amount not indicated 30 pg/ml), cells or
concanavalin A (ConA) as indicated, or 1 pM peptide. For
assays with T cell lines, 3 X 10* T cells were plated with
5 x 10° irradiated Prup®? spleen cells and 90 nM peptide.
All experiments were carried out in triplicate. After 24 h,
100 pl of the culture volume of 200 pl aMEM medium
was taken for cytokine ELISA and 50 pl of fresh aMEM
was added. After 44 h, 20 pl aMEM containing 1 pCi of
SH (Amersham, Freiburg, Germany) were added and in-
corporated activity was harvested (INOTECH, Dottikon,
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Germany) and measured at 72 h (1450 Microbeta Plus;
WALLAC, Dreieich, Germany).

Flow cytometry

4 x 10° cells from T cell cultures were stained by either
anti-CDS, anti-CD4 or the respective isotype control an-
tibody. All antibodies were directly fluorescein isothio-
cyanate (FITC) labeled (BD Pharmingen, Heidelberg,
Germany).

Immunoblot and ELISA

Immunoblot was performed by loading 400 ng of corre-
sponding proteins on 12% SDS gels. After electrophoresis,
protein was transferred by electroblot onto nitrocellulose
membrane (Pharmacia, Freiburg, Germany). Bovine serum
albumin-blocked membranes were then incubated for 45
min at room temperature with serum of mice 1:50 diluted
in PBS. After washing, specific binding was detected by
goat anti-mouse IgG coupled to HRP (1:5000, BD
Pharmingen). Signals were detected using ECL kits (Phar-
macia) and a photo image reader (Fuji, Stamford, Conn.).
Standard sandwich cytokine ELISA with 50 pl cell su-
pernatant was performed using antibodies against the
corresponding cytokine (BD Pharmingen). For ELISA
with serum from immunized mice, the serum was diluted
1:500 and tested against 200 ng/ml of recombinant pro-
tein. Detection was performed using 1:3000 diluted goat
anti-mouse [gG-HRP antibody (BD Pharmingen).

Results

PrP-specific T cells in Prup®’ and wild-type mice

To investigate whether PrP-specific T cells exist, Prup”?
mice [C57BL/6 X 129/Sv(ev) haplotype H-2%] [34] were
immunized s.c. with recombinant sheep PrP (shPrP), re-
combinant mouse PrP (mPrP) or i.m. with PrP cDNA.
Since the Prnp”” mice had never been exposed to PrPC,
they were expected to develop a normal immune response
against PrP. Indeed, all PrP¢ species tested elicited T cells
specific for the corresponding PrP molecule. Stimulation
with irrelevant proteins such as enolase did not result in
any T cell proliferation (fig. 1 A) and cells from untreated
mice did not respond at all (data not shown). More im-
portantly, peptides of PrP molecules are naturally
processed and presented by MHC molecules, as demon-
strated by the fact that T cells from Prup?’ mice immu-
nized with shPrP recognize spleen cells from wild-type
C57BL/6 (haplotype H-2%) and tg94 mice (Prnp”’ mice
transgenic for mPrP overexpressed in spleen) [39] but not
Prnp” mice (fig. 1C). This response is not due to an in
vitro minor H response because of the mixed background
of the Prup”’ mice, since cells of nonimmunized Prnp®?
mice did not proliferate on stimulation with C57BL/6 or
tg94 cells (data not shown). Cells from wild-type mice
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were slightly better recognized than cells from tg94 mice,
although tg94 mice have a higher PrP expression in the
spleen. This might be due to the chosen promoter of the
transgene which limits expression to T and B cells [39].
Therefore, other cell populations such as dendritic cells,
which are more potent in stimulating T cells, may lack
PrP expression in these mice.

All immunizations of Prnp?’ mice resulted in the genera-
tion of T cell lines which responded to C57BL/6 spleen
cells. These established T cell lines were exclusively CD4",
as demonstrated by flow cytometry analysis (fig. 2).

The experiments reported so far clearly demonstrated a
specific immune response against PrP in Prup?’ mice and
this led us to consider whether a similar response would
be detectable in wild-type mice. After immunizing
C57BL/6 mice with shPrP, we observed a similar T cell
response when stimulating with protein (fig. 1 B). How-
ever, these T cells responded only very weakly to wild-
type or tg94 spleen cells after 3 days in culture (fig. 1 D).
In addition, T cells from Prup”’ mice responded similarly
to mPrP and shPrP, whereas T cells from wild-type mice
regularly responded up to five times better to shPrP than
to mPrP (fig. 1 E, F). Similar results were obtained by im-
munizing BALB/c mice (haplotype H-2¢), demonstrating
that the observed effect is not limited to the H-2® haplo-
type (data not shown). This difference most likely reflects
the induction of tolerance against mPrP but not shPrP in
wild-type mice and demonstrates the existence of spe-
cies-specific T helper cell epitopes in PrP.

Interferon-y and interleukin-2 production

by PrP-specific T cells

To investigate which type of help T cells supply during an
immune response against PrP and to demonstrate the T
cell-specific proliferation, we determined the cytokines
produced in the proliferation assays. T cells of Prup?? ori-
gin showed interleukin-2 (IL-2) and interferon-y (IFN-y)
production after stimulation with shPrP as well as after
contact with wild-type or tg94 spleen cells, but not after
exposure to irrelevant enolase (fig. 3 A, E) or Prup?? cells
(fig. 3C, G). T cells from wild-type mice behaved simi-
larly after protein stimulation (fig. 3 B, F) and as expected
from the thymidine incorporation assay produced only
little IL-2 and IFN-y on contact with tg94 and wild-type
cells after 24 h in culture (fig. 3D, H). Under no circum-
stances were we able to detect IL-4 or IL-6 by cytokine
ELISA. Consequently, the observed T cells represent a
classical Thl phenotype and should be able to provide
help for B cells as well as for cytotoxic T cells (CTLs).

PrP-specific T cells recognize different MHC class
II-presented peptides

To determine the specificity of PrP-reactive T cells in de-
tail and to provide an explanation for the species-specific
recognition of PrP molecules in wild-type mice, 21 shPrP
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Figure 1. T cells against shPrP in Prup”’ and C57BL/6 mice. Draining lymph nodes from immunized mice were taken into culture and T
cell proliferation was measured after 72 h by a thymidine incorporation assay. Data from Prnp?’ (4, C, E) and C57BL/6 (B, D, F) mice are
shown. Graphs A—D and E, F represent one experiment each including the standard deviation of triplicates. Stimulation with shPrP (open
bars), enolase as irrelevant protein control (filled bars) and ConA (hatched bars) at the concentrations indicated (4, B); cells from Prup”?
(open bars), tg94 (filled bars) or C57BL/6 (hatched bars) mice at the cell number indicated (C, D); the indicated proteins (£, F).
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Figure 2. Characterization of T cells by flow cytometry. T cell cul-
tures were tested by flow cytometry for the expression of CD8 or
CD4 co-stimulatory molecules. Closed areas, FITC-labeled isotype
control antibody; open areas, FITC-labeled anti-CD8 and anti-CD4
antibody.
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peptides of 20 amino acids in length were synthesized.
These peptides overlapped by 10 amino acids and cov-
ered the whole sequence of recombinant shPrP, excluding
the N-terminal signal sequence and the C-terminal GPI
linkage sequence (fig. 4). All peptides were then tested
for recognition by different T cell lines or on ex vivo T
cell cultures of immunized mice. T cell lines from Prup”’
mice specific for shPrP reacted against peptides 8, 12, 14
and 16 (fig. 5A). However, upon further restimulation
with wild-type C57BL/6 spleen cells, the reactivity
against peptides 8 and 16 was lost. This could be due to
the fact that peptides 8 and 16 are not generated from
mPrP in cells or that they differ too much from the sheep
homologue to induce cross-reactivity. Peptide 8 in partic-
ular reveals six differences in the amino acid sequence
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Figure 3. IFN-y and IL-2 production by PrP-specific T cells. Draining lymph nodes from immunized mice were cultured and cytokine se-
cretion in the supernatant was measured after 24 h by cytokine ELISA. Data from Prnp”’ (4, C, E, G) and C57BL/6 (B, D, F H) showing
IL-2 (A—D) and IFN-y (E—H) secretion. Graphs represent one experiment including the standard deviation of triplicates. Stimulation with
shPrP (open bars) and enolase as irrelevant protein control (filled bars) at the concentration indicated (4, B, E, F); cells from Prup?’ (open
bars), tg94 (filled bars) or C57BL/6 (hatched bars) mice at the cell number indicated (C, D, G, H).
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Figure 4. H2-AP® epitopes in shPrP and mPrP. Comparison of shPrP
and mPrP amino acid sequences. Upper lane mPrP, lower lane sh-
PrP. Both sequences are aligned and numbered according to shPrP.
Numbers of overlapping peptides used for epitope mapping are
given in black bars which represent the peptides, each starting with
a hatched area. Sequence differences are in bold letters and epitopes
described in the text are marked with different-colored bars.
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(fig. 4), which could certainly result in loss of anchor po-
sitions required for binding to the MHC class Il molecule
[40]. On the other hand, T cell lines from Prnp?’ mice
specific for mPrP reacted only against peptides 10 and 14
(fig. 5B), which already demonstrate differences in the
peptide repertoire of MHC class II-presented peptides
from PrP of different species.

The ex vivo stimulation with peptides revealed that sh-
PrP-specific T cells from Prnp”’ mice reacted against
peptides 12 and 14 as well as peptides 8 and 10 (fig. 5C).
T cells from wild-type mice specific for shPrP reacted
against peptide 12 and less frequently against peptide 8
(fig. 5SE and data not shown), suggesting tolerance
against peptide 14, which is identical in mPrP and shPrP.
The dominant peptide for mPrP-specific T cells of Prnp??
origin was peptide 14 and to a lesser extent peptide 10
(fig. 5D), thus correlating well with the data obtained
from the corresponding T cell lines (fig. 5B). Not sur-
prisingly, we were unable to raise T cells in wild-type
mice against mPrP (fig. 5F) because of the apparent tol-
erance against all MHC class II-presented mPrP peptides.
The lower proliferation of T cells against exogenously
added peptides, even though similar molar amounts of
peptide and protein were used, can have several causes.
First of all the response against the whole protein repre-
sents a response against all available MHC class II epi-
topes, whereas the peptides represent only one epitope
each. Furthermore, the addition of exogenous peptide
may result in less efficient MHC peptide loading because
proteases may digest free peptides and peptide exchange
may be less efficient on the cell surface. Finally, the ac-
tive 20mer peptide may contain the relevant MHC epi-
tope but not represent the optimal epitope which may dif-
fer slightly in size.

Antibody responses against shPrP

In all mice immunized with shPrP we were able to detect
a specific antibody response by immunoblot and ELISA,
demonstrating the in vivo relevance of the previously ob-
served CD4" T cell response. As expected, antibodies
from Prnp”” mice revealed no species specificity. In
C57BL/6 mice, however, we detected antibodies against
shPrP cross-reacting in immunoblot assays against mPrP.
This specificity was only weakly detectable in serum
from BALB/c mice (fig. 6 A). The observed signals were
not artifacts, because serum of untreated mice as well as
the secondary antibody alone showed no signal, even af-
ter overexposure (fig. 6 A). Cross-reactivity detected in
immunoblot experiments seemed to be due to similar lin-
ear peptide epitopes, because ELISA experiments against
recombinant protein revealed no cross-reactivity, except
for serum from Prup”’ mice (fig. 6 B). Peptide ELISA re-
vealed that all antibodies reacted mainly against peptide
3 (data not shown). In serum from Prnp”? and C57BL/6
mice, reactivity against peptide 1 was also detected,
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Figure 6. Characterization of antibody responses against shPrP. (4) Immunoblots with serum from mice immunized with shPrP. The serum
from indicated mice was tested on recombinant mPrP and shPrP. As controls, blots with serum of an untreated C57BL/6 mouse and the sec-
ondary antibody only are shown. Blots for untreated Prnp”? and BALB/c appeared similar. Molecular weight markers are indicated. (B)
Corresponding ELISA with serum from the same mice. Signals against indicated proteins are shown. For easier comparison, obtained val-
ues were divided by the background and y-axis standardized; higher values are indicated.

which might explain the difference in cross-reactivity de-
tected in the immunoblot of C57BL/6 and BALB/c
(fig. 6A). Minor reactivity for all antibodies was de-
tectable against peptides 14 and 15 (data not shown).

Discussion

We investigated the CD4* T cell-mediated immune re-
sponse against PrP¢ from different species and were able
to demonstrate the existence of shPrP-specific CD4* T
cells in Prup?’, C57BL/6 and BALB/c mice (fig. 1 and
data not shown), thereby showing the existence of MHC
class II epitopes in the H-2" and H-2¢ haplotype. Simi-
larly, we demonstrated the existence of mPrP-specific
CD4* T cells in Pranp”® mice (fig. 1). Using T cell lines es-
tablished from Prnp®’ mice as well as ex vivo T cell cul-
tures of immunized mice that had undergone peptide
stimulation, we were able to reveal peptides containing
the H2-AP epitopes of shPrP and mPrP (H-2AY is the only
MHC class II molecule of C57BL/6 [41]). For shPrP, the
dominant epitopes were peptides 12 (shPrP sequence
133—-152) and 14 (shPrP 153—172). The dominant H-2A®
epitopes of mPrP consisted of peptides 10 (shPrP
113—132) and 14. Nevertheless, peptide 12 can be ex-
pected to also contain at least a subdominant mPrP H-2A®
epitope because the T cell line 1VRQ, of shPrP-immu-
nized Prnp?? origin, was stimulated with C57BL/6 cells
(which are able to bind the equivalent mouse peptide
[42]) and finally recognized the corresponding sheep
peptide. The reason why it has a subdominant status and
is not recognized by T cells after immunization of Prap”?
mice with mPrP might be a case of immunodominance
[43, 44]. However, the crucial observation is that CD4* T
cells of C57BL/6 mice differentiate between sheep and

mouse PrP¢ by the virtue of peptide 12 (fig. SE). Addi-
tionally, T cells from shPrP-immunized BALB/c mice
recognize shPrP much better than mPrP (data not shown),
which implies that the observed effect is not limited to
one haplotype but has general significance. This observa-
tion of differential presentation of peptides on MHC class
II molecules is in line with reports describing that a dif-
ference of one amino acid in a peptide sequence is suffi-
cient to result in differential antigen processing and pre-
sentation on MHC molecules [43, 45, 46].

To demonstrate that the observed T cell response has a
functional in vivo relevance, we investigated whether T
cell-dependent B cell responses had occurred in the im-
munized mice. In our model system, all corresponding B
cell responses observed reflect the picture seen for T
cells. In wild-type mice, antibodies were capable of dif-
ferentiating between native shPrP and mPrP, which was
not the case in Prup? mice (fig. 6B). The observed
cross-reactivity in immunoblot assays was probably due
to similar peptide epitopes (fig. 6 A and data not shown).
These data are in line with previous observations [33,
47-50].

The fact that we were able to observe a functional CD4*
T cell response against foreign PrP¢ molecules in wild-
type mice leads us to reconsider some issues of prion bi-
ology from an immunological point of view. The rele-
vance of our observation in terms of prion infection could
be questioned given that we investigated the T cell re-
sponse against PrP¢ but not PrPSc. However, this objection
is not valid. In a natural situation, infection occurs be-
tween different species and the material containing infec-
tivity never consists of pure PrPS¢, but also contains PrP¢.
Consequently, assuming that an immune response against
PrP¢ will also effect PrPS¢ seems reasonable, because so
far no convincing evidence exists that antibodies or any
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other components of the immune system are able to dif-
ferentiate between PrP¢ and PrPSc. Thus the immune sys-
tem sees a foreign protein against which it is able to de-
velop a CD4" T cell response and, as shown, an antibody-
mediated immune response. In addition, that the
observed CD4" T cell response might lead to cellular im-
munity by CTLs or that other mechanisms of the immune
system are activated cannot be excluded. Taking into ac-
count all the recently published data which demonstrate
that various effector mechanisms of the innate and hu-
moral immune response either in vitro [51, 52] or in vivo
[53—55] have an effect on prion propagation and incuba-
tion time of disease, it seems reasonable to assume that
activation of the immune system by the presence of for-
eign PrP¢ will influence the incubation time of disease. A
role for CD4* T cells in these effector mechanisms is sup-
ported by the interesting observation that vCJD patients
have a reduced frequency of a certain MHC class II allele
[56]. These patients could thus constitute a group of indi-
viduals with immune systems unable to mount certain ef-
fector mechanisms that are essential to extend the incu-
bation time of disease beyond their natural life span.
This scenaric stimulates speculation as to whether the
phenomenon of the species barrier in prion diseases relies
only on the current discussed mechanism of less efficient
conformational transfer from foreign PrPS to the host
PrPC€ molecule due to differences in the amino acid se-
quence [18—-20] or whether components of the immune
system are involved as well. An important question de-
veloping out of this assumption is whether the permanent
uptake of foreign PrP¢ by food products results in oral
tolerance [57] or protective immunity.

Summarizing our observation concerning the CD4* T cell
response and the recently published data of effector
mechanisms influencing incubation times of prion dis-
ease, the immune system seems not only to play a role in
transport and replication of infectivity but is also able to
have a protective function under certain circumstances.
Unquestionably, information obtained from differential
MHC class II epitopes in PrP from different species will
be a very useful tool in developing pre- or post-exposure
immunization protocols which might have a positive ef-
fect on various stages of neurodegenerative prion dis-
eases.
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